Abstract: We implement finite difference method (FDM) to calculate the optical cavity effects in InGaN micro-light-emitting diodes (LEDs) with metallic coating. The dispersion relation, mode profile, energy density W of electromagnetic field, cavity quality factor Q , and effective mode area A e f f are theoretically investigated. The results show that although the strongest confinement of the field is achieved by surface plasmon modes at GaN/Ag interface, the energy density W is small inside the cavity, leading to a high effective mode area. Additionally, the cavity without metallic coating has the highest Q factors since no metal loss is involved. These results can serve as guidelines for the design and fabrication of high efficiency and high speed LEDs for the applications of solid-state lighting and visible-light communication.
Introduction
III-nitride materials have enabled a variety of applications including solid-state lighting [1] - [3] fullcolor displays [4] , solar cells [5] , and intersubband transition optoelectronic devices [6] . Recently, visible light communication (VLC) in free space using micro-light-emitting diodes (mLED) based on III-nitride material has attracted tremendous attentions [7] - [11] due to its large modulation bandwidth, easy integration, and high energy efficiency. In order to increase the modulation speed of mLED, high spontaneous recombination rates are desirable. The recombination rates of traditional light-emitting diodes (LEDs) based on InGaN quantum wells (QWs), however, are restricted by the quantum confined Stark-effect (QCSE) owing to the strong internal polarization-related fields on the c-plane [12] . In order to address these issues, novel nonpolar and semipolar InGaN LEDs have been implemented and have demonstrated higher recombination rates [13] - [16] . Recently, to further increase the spontaneous recombination rate, surface plasmon (SP) enhanced spontaneous emission inside QWs has been proposed and has shown significant improvement on the modulation response [8] , [17] - [19] . Our previous work studied the enhancement of the spontaneous recombination rates of semipolar GaN LEDs coated with metallic gratings [8] , and the result showed that 3-dB modulation frequency of 5.4 GHz could be obtained. In addition to metallic thin film or metallic grating coated InGaN QW LEDs, another approach involves utilizing the nano LED structures with metallic coating [3] , [20] - [23] . Recent theoretical works [20] , [21] on the core-shell nano LED structures show that the modulation speed of LEDs could be increased by metallic coatings. However, the impact from metallic coating for mLED structures have not been fully investigated yet. In this work, we theoretically study the optical cavity effects in mLEDs with metallic coating using the finite difference method (FDM) where TE-like and SP modes are investigated. Unlike nano LEDs grown by MOCVD or MBE [3] , the micro InGaN LEDs structure studied in this work can be fabricated by depositing metals onto mLEDs etched by reactive ion etching process. Previous theoretical studies are based on the finite difference time domain (FDTD) method [20] , [21] , which provides information on Purcell factor and light extraction efficiencies. In this work, in order to understand the optical properties of different modes, FDM is implemented, optical properties such as dispersion relation, mode profile, energy density of the electric field, quality factor and effective mode volume are investigated. In order to study correlation between the surface plasmon resonance frequency and the QW emission frequency, we choose silver and aluminum as two different coating materials, referring to the case of emission frequency near resonance frequency and emission frequency far away from resonance frequency, respectively [17] . The work is organized as follows: In Section 2, we describe the theoretical background and simulation methods; in Section 3-1, dispersion relation of different types of cavity modes are calculated; in Section 3-2, we compare the electric field and energy density of different modes; in Section 3-3, quality factor and effective mode volume are studied. The results of this work can be used to guide the design of micro InGaN LEDs for the applications of solid-state lighting and visible-light communication.
Simulation Method

Theoretical Background
In this work, the wave vector and the electromagnetic field are calculated by the FDM method. The quality factor Q is calculated by (1) , where k real and k imag indicate the real and imaginary part of the wave vector, respectively. For the total Q factor in a real cavity, 1/Q total = 1/Q rad + 1/Q cavity , where Q rad accounts for the radiation loss and Q cavity accounts for the loss inside cavity. The Q calculated in this work only considers Q cavity ; when the device is a laser, there is reflection and/or scattering happening at the terminus of the cavity that is also related to the coating materials. This issue exceeds the scope of this research but is valuable to study [24] . For the mode volume, we choose the definition of effective mode area [25] , [26] to describe the confinement in the lateral dimension (perpendicular to the growth direction) given by (2) , where A e f f represents the effective mode area, W represents the energy density of electromagnetic field, and W (x 0 , y 0 ) represents the energy density at the location where the emitter exists. For the confinement along the vertical direction (parallel to the growth direction), since the device studied in this work is an LED, we assume the mode volume is the same due to the same cavity geometry:
For the energy density of the electromagnetic filed, noting that traditional definitions could lead to an imaginary or negative energy density, we choose the equation developed in [27] , given by (3), the 0 indicates electric constant of free space, n, k the real and imaginary part of refractive index, respectively, ω the angular frequency of light, e the damping frequency. Parameters in (3) can be found from [28] for silver and aluminum:
For TE-like modes inside cavity, we choose the maximum energy density location in the semiconductor region, while for the SP modes, since the maximum energy density is achieved at the surface, we place the emitter 10 nm away from the metal interface. 
Set-up of the Simulation
A commercial FDM package (Lumerical Mode solutions) is used in this work. We simplify this study to a 2-D waveguide problem by calculating modes in cross section shown in Fig. 1(b) . Note that the silicon nitride and the InGaN layers are usually on the order of nanometers [17] , [29] , [30] , which is thin enough compared to the diameter and the vertical length of the cavity coated by the metal, respectively. Therefore, both layers are omitted in Fig. 1(b) for simplicity. The influence from dielectric layer is studied in [31] in In 0.53 Ga 0.47 As nano cavity, the refractive index of In 0.53 Ga 0.47 As is larger than 3.5, for silicon nitride n = 1.99 at 1550 nm, while in this work, the refractive index of GaN (n = 2.4) and silicon nitride (n = 2.04) are comparable; thus, the dielectric layer should not give significant influence in this work. Thickness of the coated metallic layer is assumed to be infinite since the wave decays quickly inside the metallic layer. Solving the modes at cross-section inside the cavity by FDM, the effective mode area A e f f , and wave vectors k real , k imag can be calculated for different core radii. The emission wavelength in this calculation is chosen to be 500 nm, and the radius of cavity varies from 100 nm to 800 nm following the typical dimensions of nanorod LEDs [32] . Dielectric functions of GaN can be found in [33] .
Results and Discussion
Dispersion Relation of Cavity Modes
In this section, dispersion relations of the cavity modes are investigated. For SPs, the dispersion is shown in Fig. 2 . The real part and imaginary part of wave vector along z direction in Fig. 1(b) is defined as k real and k imag , respectively. For SPs at GaN/Ag interface, the resonance feature is similar to previous theoretical and experimental works on planar interfaces [18] , and the resonance frequency corresponds to photon energy of 2.6 eV. For GaN/Al interface the resonance frequency corresponds to 5 eV photon energy, which is away from the wavelength we studied in this work. Near the resonance frequency, huge changes of k real and k imag are observed, indicating an improved confinement together with an increased propagation loss. For the SP at GaN/Al interface, since large k real and k imag are achieved at higher frequencies in the UV region [18] , therefore, at 500 nm the SPs at GaN/Al interface have relative weaker confinement and lower loss comparing with SPs at GaN/Ag interface.
In addition, the relation between wave vector and core radius are also studied, as shown in Fig. 3 . It can be observed from Fig. 3(a) that k real decreases with decreasing core radius. Furthermore, the k real of the SP mode at the GaN/Ag interface is higher than in other modes, which is due to the surface plasmon resonance (SPR) at the emission wavelength of 500 nm. The decrease of k real of SP modes is not as drastic as the decrease of TE-like modes, owing to its surface confined mode distribution property which is less sensitive to the cavity geometry. The relation between k imag and core radius is shown in Fig. 3(b) . High k imag is observed for the SP modes. For the TE-like modes inside the cavity with metallic coating, k imag increases when reducing the core radius due to the metal loss. Moreover, for the SP modes, the k imag of plasmon at GaN/Ag interface is larger than that at GaN/Al interface, because the SP resonance frequency at GaN/Ag interface is near 500 nm while at GaN/Al interface the SPR frequency locates at UV region. For the TE-like modes, plasmon at GaN/Ag interface has a smaller k imag compared with that at the GaN/Al interface, due to the larger extinction coefficient of the aluminum, which is an intrinsic material property [28] . For the cavity without metallic coating, the k imag is small since metal loss is not involved. Noting that the cavity size is above the subwavelength level in this work, the cavity without metallic coating has the lowest loss. When the radius of cavity approaches 100 nm, TE-like modes cut off quickly but SP modes maintain constant k imag , this feature agrees with studies on subwavelength region [29] , [34] .
Electric Field Intensity and Energy Density
The normalized electric field (|E | 2 ) and electromagnetic energy density (W ) are calculated and shown in Figs. 4 and 5 for the core radius of 600 nm and 200 nm, respectively. The real and imaginary parts of the refractive index are also given. For the TE-like modes at the core radius of 600 nm, the electric field profile is similar to that of the cavity without metallic coating. For the energy density, when the electric field is not strongly confined inside the cavity, there will be a large energy density outside the semiconductor region, owing to the large extinction coefficient k of the metal. For the SP mode, the electric field is confined at the surface as we expected, and the confinement of |E | 2 at the GaN/Ag interface is stronger compared with that at the GaN/Al interface, which is on account of SPR at the emission wavelength of 500 nm.
For cavity modes at the core radius of 200 nm, TE-like modes start to show hybrid properties, leading to a large energy density W outside of the cavity, while for the cavity without metallic coating, the maximum energy density W is still achieved inside the cavity. 
Spectral and Spatial Energy Density
Combining the results above, the quality factor (Q ) and effective mode area (A e f f ) are calculated by utilizing (1) and (2), which describe the spectral and spatial energy density, respectively. The Q factor versus core radius is shown in Fig. 6(a) . For the SP modes, it can be expected that the Q is smaller than TE-like modes due to the large imaginary part of the wave vector. Since the emission wavelength coincides with SPR at GaN/Ag interface, the SP modes of the silver-coated cavity give the smallest quality factor. It can also be observed that the TE-like mode inside the cavity without a metallic grating has the highest Q factor due to the smallest k imag . The effective mode area is given by Fig. 6(b) . Even though the SP mode at the GaN/Ag interface has the strongest confinement, since the emitters can only exist inside the cavity (10 nm away from the metal inside the cavity in this calculation), the coupling strength from the emitter to the SP mode is small, which increases the effective mode area of the SP modes. The ratio between Q factor and the effective mode area is given in Fig. 6(c) . Since the device in this study is an LED, the vertical length can be assumed to be sufficiently large and thus the same for each mode. Thus, the value of Q /A e f f can also provide the information of Q /V e f f since the vertical length can be removed from the reduction of a fraction, which is related to, e.g., the enhanced spontaneous emission inside the cavity.
When the size of the cavity is reduced, both Q and A e f f of TE-like modes are reduced. For the plasmonic mode, the Q factor is insensitive to the size, but A e f f is reduced. From Fig. 6(c) , it can be observed that the cavity without metallic coatings gives the highest enhancement to the optical transitions inside the cavity. Noting that the vertical dimension is assumed to be sufficiently large, the wave vector along the propagation direction does not influence the effective mode volume. For devices where vertical confinement is important (such as lasers [35] , [36] ), the reflection and scattering happening at the terminus of the cavity is strongly related to the coating material, thus the total Q factor could be different from the result in this work. On the other hand, the large wave vector of SP modes could further reduce the mode volume, leading to different conclusions from this work. For cavities above subwavelength region, surface plasmon enhanced spontaneous emission may not be feasible due to the high loss and the large distance from emitter to the interface. Cavities without metallic coatings gives the highest Q /V e f f .
In a short conclusion, cavity without metallic coating gives the lowest loss and strongest effective mode area when the cavity size is reduced, which can be attributed to the small imaginary part of the wave vector, large Q /A e f f has the potential to enhance the spontaneous emission rate. Metal loss makes the Q /A e f f of TE-like modes inside cavity lower comparing with cavity without coating. For SPs, Ag coated cavity has lowest Q /A e f f due to large imaginary part of wave vector near resonance frequency, while Al coated cavity has relative higher Q /A e f f since the wavelength is far away from the resonance frequency at Al/GaN interface.
Conclusion
This work studied the cavity effects in mLEDs with metallic coating. Different types of modes were investigated. The SP mode at GaN/Ag interface has the lowest quality factor and the highest effective mode area, leading to the lowest Q /A e f f , the counterintuitive observation is due to the small energy density inside the cavity. Higher Q /A e f f are achieved by TE-like mode. The cavity without metallic coating has the highest Q factor and highest Q /A e f f since no metal loss is involved. Such a high Q /A e f f has the potential to enhance spontaneous emission rates.
